The current recommendation for the World Health Organization (WHO) grade III glioma treatment is maximal safe resection followed by radiotherapy (RT). Additional chemotherapy (CTx) with procarbazine, lomustine, and vincristine (PCV) has been proven to effectively prolong the survival of patients with anaplastic oligodendroglial tumors in the EORTC Brain Tumor Group Study 26951 and RTOG 9402 trials 1,2 . In both trials, initial RT volume included T2-weighted abnormality plus a 2-2.5-cm margin (45-50.4 Gy in 25-28 fractions), and boost field was T1 abnormality (enhanced lesion and/or non-enhanced mass) plus a 1-1.5-cm margin (9-14.4 Gy in 5-8 fractions; total radiation dose was 59.4 Gy in 33 fractions). At our institution, physicians perform irradiation according to the same policy. The survival outcome of grade III gliomas differs according to the histological subtypes, anaplastic astrocytoma (AA), anaplastic oligodendroglioma (AO), and anaplastic oligodendroglioma (AOA). However, recurrence patterns according to the histological subtypes have not been well studied. Most studies on recurrence patterns were mainly conducted before 1995 [3] [4] [5] [6] [7] , and most included high-grade gliomas together with WHO grade III and IV gliomas, with a strong majority of the patients with glioblastoma. Trials for grade III tumors alone are rare, and no study has reported recurrence patterns according to histological subtypes.
The current recommendation for the World Health Organization (WHO) grade III glioma treatment is maximal safe resection followed by radiotherapy (RT). Additional chemotherapy (CTx) with procarbazine, lomustine, and vincristine (PCV) has been proven to effectively prolong the survival of patients with anaplastic oligodendroglial tumors in the EORTC Brain Tumor Group Study 26951 and RTOG 9402 trials 1, 2 . In both trials, initial RT volume included T2-weighted abnormality plus a 2-2.5-cm margin (45-50. 4 Gy in 25-28 fractions), and boost field was T1 abnormality (enhanced lesion and/or non-enhanced mass) plus a 1-1.5-cm margin (9-14.4 Gy in 5-8 fractions; total radiation dose was 59.4 Gy in 33 fractions). At our institution, physicians perform irradiation according to the same policy. The survival outcome of grade III gliomas differs according to the histological subtypes, anaplastic astrocytoma (AA), anaplastic oligodendroglioma (AO), and anaplastic oligodendroglioma (AOA). However, recurrence patterns according to the histological subtypes have not been well studied. Most studies on recurrence patterns were mainly conducted before 1995 [3] [4] [5] [6] [7] , and most included high-grade gliomas together with WHO grade III and IV gliomas, with a strong majority of the patients with glioblastoma. Trials for grade III tumors alone are rare, and no study has reported recurrence patterns according to histological subtypes.
. We hypothesized that recurrence patterns differ by extent of resection (EOR) and histological subtypes, as well as molecular subtypes. Therefore, we analyzed recurrence patterns with respect to RT target volume and compared the differences between patient characteristics, such as EOR, and the 2016 WHO classifications.
Methods and Materials
Study design and patient characteristics. Seventy was performed within 48 hours after surgery. EOR was determined on the basis of the operative findings and postoperative MRI, including postcontrast T1 and T2 fluid-attenuated inversion recovery (FLAIR) images. Gross total resection (GTR) was defined as complete resection of the enhanced and unenhanced masses and no obvious residual tumor. Subtotal resection (STR) was defined as resection of a gross tumor by ≥90%. Partial resection (PR) was defined as resection of a gross tumor by >50%. GTR was achieved in 43 patients (58.9%). STR or PR was performed in 18 (24.7%) and 8 (11.0%) patients, respectively. In four patients (5.5%), only biopsy (Bx) was performed.
Postoperative RT and CTx. RT was started 12-53 (median 22) days after surgery. Three-dimensional conformal RT was used to treat 63 patients (86.3%), and 10 patients (13.7%) were treated with intensity-modulated RT using tomotherapy. The computed tomography scan obtained at simulation and after reconstructed with a 3-mm-slice thicknesses was fused to pre-and postoperative MRI data, including postcontrast T1 images and T2 or FLAIR images. Gross tumor volume (GTV) included the resection cavity and any gross residual tumor observed on postoperative MRI plus a 0.5-1-cm margin to compensate for the irregularity and uncertainty of the margin. The clinical target volume (CTV) was defined by GTV and hyperintense area on T2 FLAIR MRI plus a 1.5-2-cm margin accounting for potential microscopic extension. The planning target volume (PTV1) was CTV plus a 3-mm margin in all directions to account for daily setup uncertainty. A subsequent boost was given to PTV2, which was defined as GTV plus a 0.3-cm margin. The median total dose of PTV1 was 46 Gy (range, 36-51) with 1.8-2 Gy per fraction. The median total dose of PTV2 was 60 Gy (range, 50-70). Three patients (4.1%) received <59 Gy.
Adjuvant CTx was administered according to the physician's preference. Forty-five patients (61.6%) received adjuvant CTx. Twenty-two patients received RT plus concomitant TMZ followed by adjuvant TMZ, while 13 patients received RT followed by TMZ. A median of six cycles of adjuvant TMZ was administered. Eight patients received PCV CTx after completion of RT. Molecular biomarkers assessment. We retrospectively examined IDH1 mutation using a Ventana Bench Mark XT autostainer (Ventana Medical System, Inc., Tucson, AZ, USA) according to the protocol. The antibody used was anti-human IDH1 R132H mouse monoclonal antibody (Clone H09L, 1:80 dilution; Dianova, Hamburg, Germany). When the cytoplasmic expression of IDH1 R132H was identified in glioma cells, we considered the case as "mutant"/"positive. "
FISH analysis of 1p/19q status was performed using the LSI 1p36/1q25 and 19q13/19p13 Dual-Color Probe Kit (Abbott Molecular Inc., Abbott Park, IL, USA). Acquired images were interpreted by two neuropathologists as the basis for EURO-CNS protocols 19 . If the numbers of "deleted" nuclei exceed 50%, the tumor was considered to show a "deletion" for the targeted chromosome. MGMT gene promoter methylation was assessed by methylation-specific polymerase chain reaction as previously described 20, 21 . Thirty-two patients (43.8%) had 1p/19q codeletion, an IDH1 mutation was detected in 36 patients (49.3%), and an MGMT promoter was methylated in 49 patients (67.1%) ( Table 1) . Two pathologists independently re-reviewed the pathology and molecular biomarkers and confirmed the pathological diagnosis according to the 2007 WHO classification and 2016 WHO classification. We reclassified our 73 cases according to the 2016 WHO classification: 25 patients (34.2%) with AO, IDH-mutant and 1p/19q-codeleted, 11 patients (15.1%) with AA, IDH-mutant, and 37 patients (50.7%) with AA, IDH-wildtype 18 . MGMT promoter status was significantly Patient follow-up and evaluations. Patients were followed up with MRI 1 month after RT, every 3 months during the first 2 years, and every 6-12 months or when disease progression was suspected thereafter. Disease progression was defined as clinical progression based on an oncologist's interpretation of imaging and clinical status, usually resulting in the change of treatment 22 . Pseudoprogression or radiation necrosis was differentiated with true progression by subsequent MRI, which showed resolution of contrast-enhanced lesions with edema without any change in therapy 23 . Serial MRI images were reviewed to determine first failures. All recurrence patterns were analyzed by a neuro-oncology team consisting of radiation oncologists, neurosurgeons, and neuroradiologists. Recurrences were defined as follows: "infield GTV failure" tumor recurrence or disease progression entirely within GTV; "infield CTV failure" tumor recurrence within CTV; "marginal failure" consisting of recurrent tumor crossing CTV; and "outfield failure" in all other cases referring to recurrences outside the RT field. The cerebrospinal fluid (CSF) seeding was defined as three or more non-contiguous lesions in addition to disease (stable or progression) at the primary site or leptomeningeal enhancement. Figure 1 illustrates schematic examples with the definitions of RT target volumes and patterns of recurrences. (Fig. 3A) . Patients with GTR had significantly better OS compared to patients with PR or Bx (p = 0.002) (Fig. 3B) .
On multivariate analysis, GTR-STR had a significantly positive impact on PFS and OS (p < 0.05). Compared to patients with AA, IDH-wildtype, those with AO, IDH-mutant and 1p/19q-codeleted had significantly better PFS and OS (p < 0.05) ( Table 3) .
Recurrence rate and patterns of recurrence. Disease progression or recurrence was noted in 31 patients (42.4%) 3-143 months after diagnosis (median, 19 months). Twenty-seven of 31 failures (87.1%) occurred within 60 months after the operation. Recurrence rates and patterns of recurrences were analyzed according to the 2016 WHO classifications, as well as EOR (Table 4) . Infield GTV failure was the dominant type of failure (20/31, 64.5%). Outfield failure was observed in one patient, and CSF seeding occurred in four patients.
In patients with AO, IDH-mutant and 1p/19q-codeleted, recurrences were less commonly noted (3/25, 12%) than in those with AA, IDH-mutant (5/11, 45.5%) and AA, IDH-wildtype (23/37, 62.2%). In addition, 17 patients with AO, IDH-mutant and 1p/19q-codeleted who received GTR showed no recurrence. In the 12 recurrences among 20 patients with AA, IDH-wildtype who underwent GTR, five (41.7%) had infield CTV/marginal failure.
Recurrence rate was lower in patients with GTR/STR (21/61, 34.4%) than in those with PR-Bx (10/12, 83.3%). Recurrence patterns differed by EOR. A significant difference between the extent of resection and patterns of recurrence was noted in Fisher's exact test (p < 0.05). In the STR and PR-Bx groups, most recurrences were infield GTV failures (14/18, 77.8%) without infield CTV/marginal failures. In contrast, six (46.2%) of the recurrences were CTV/marginal failures in the GTR group.
Discussion
Survival outcome according to the 2016 WHO classification was not previously reported because IDH analysis was not routinely performed until recently. By retrospectively examining IDH mutation, we confirmed that the prognosis of WHO grade III gliomas is largely dependent on the 2016 WHO classification. Since we administered a consistent RT volume during the study period, we could evaluate the effects of the 2016 WHO classifications as well as EOR on recurrence patterns. Although infield GTV failure was the most common pattern of failure overall, patterns of failure differed by EOR.
Recurrence rates varied according to the 2016 WHO classification. The recurrence rate was very low in patients with AO, IDH-mutant and 1p/19q-codeleted, and there were no cases of recurrence in patients with AO, IDH-mutant and 1p/19q-codeleted who underwent GTR. On the other hand, 23 of 37 patients with AA, IDH-wildtype developed recurrence, even after GTR (12/20, 60%), and the most common type of recurrence was infield GTV. These findings suggest that RT is less effective for AA, IDH-wildtype. Several studies showed that IDH mutation represents radiosensitive tumors and good prognosis 24, 25 . The correlation between IDH and MGMT promoter methylation was suggested in several studies 1, 26 , as observed in this study. Almost all AO patients with the IDH mutation demonstrated MGMT promoter methylation and had better prognosis. These findings may reflect the improved outcome of gliomas with IDH mutation.
Recurrence rates after GTR or STR were similar but much lower than those after PR-Bx. In patients with GTR, most recurrences (12/13) occurred in the patients with AA, IDH-wildtype, and approximately half of the recurrences was infield GTV failure and the other half was infield CTV/marginal failures ( AA, IDH-mutant. Therefore, we suggest that the current RT volume and dose prescription is appropriate for these patient groups. All patients treated with STR or PR-Bx showed progression with infield GTV or outfield/ CSF seeding 3-130 months (median, 14 months) after surgery. To overcome early infield GTV recurrences, dose escalation >60 Gy to the residual tumor or a combination of radiosensitizing drugs can be considered. There is insufficient evidence to prove that hypofractionated, hyperfractionated, and accelerated RT improved local control and OS in high-grade glioma patients 27 . Dose escalation is an important scheme in radiotherapeutic strategies. However, dose-escalation would be limited due to the risk of late toxicities. The role of TMZ has been assessed in a large international trial, CATNON. Interim analysis showed that adjuvant TMZ CTx was associated with significant survival benefits in patients with newly diagnosed 1p/19q non-co-deleted anaplastic glioma 28 . Before arguing the appropriate RT volume, the tumor should be more accurately defined on imaging. MRI T2 FLAIR hyperintensity has traditionally been accepted as the target delineation of glioma. Contrast-enhanced lesions on T1-weighted images are regarded as more malignant tumors than non-enhanced lesions, and high radiation doses are usually prescribed. Compared with glioblastomas, where GTV is defined as contrast-enhanced lesions, grade III gliomas often show mixed patterns of enhancing and non-enhancing tumor masses. Therefore, accurate delineation of tumor extent and identification of the most malignant parts are crucial for RT planning as well as surgery. Perfusion-weighted imaging is helpful to detect higher vascular tumors, which should be included in GTV 29 . Recently, amino acid PET imaging has been investigated for tumor extent and biopsy guidance; this showed that amino acid PET was superior to the standard MRI 30 . Currently, our institution uses amino acid PET for guiding tumor resection and RT planning. Metabolic imaging with MR spectroscopy to image the 2-hydroxyglutarate signal in the brain to detect oncogenic IDH1 mutations has been recently developed. It showed that the 2-hydroxyglutarate volume was larger than the FLAIR volume in approximately half of the IDH-mutant glioma patients 31 . These improved techniques may have implications for better RT planning and treatment outcomes.
The current study has important limitations that should be considered when interpreting our results. When a case was negative for IDH1 immunostaining results, we did not perform IDH1 and IDH2 sequencing as recommended by Louis et al. 18 . Although the incidence of IDH1 mutation, except R132H and IDH2, is very rare 32 , it may be an important limitation. Although we performed surgery and postoperative RT using consistent methods, CTx was not controlled, which may be a confounding factor. The small number of patients is another critical limitation of our study. We observed different failure rates and different recurrence patterns for the histological subtypes according to the 2016 WHO classification; however, the differences were not statistically significant, probably due to the small number of patients. Despite these limitations, compared to previous institutional studies, this is the largest single-institutional cohort study that analyzed the failure patterns of grade III glioma patients. In addition, to the best of our knowledge, this is the first study that analyzed the treatment outcomes using the new 2016 WHO classification.
In conclusion, maximal surgical resection and postoperative RT, including peritumoral edema, resulted in a favorable prognosis, especially in patients with GTR, IDH mutation, and 1p/19q codeletion. We observed that patterns of failure differed according to EOR. Infield GTV failures and infield CTV/marginal failures were not uncommon in patients with AA, IDH-wildtype even after GTR. Further studies investigating the optimal RT volume and dose for AA, IDH-wildtype are needed.
